. Betts et al., "All-Optical Pulse Compression Using Ampli fying Sagnac Loop', Electronics Letters, vol. 27, No. 10, 9 May 1991, Stevenage GB, pp. 858-860. Richardson et al., "Very Low Threshold Sagnac Switch Incorporating an Erbium Doped Fibre Amplifier", Electron ics Letters, vol. 26, No. 21, 11 Oct. 1990 , Stevenage GB, pp. 1779 -1781 Fermann et al., "Nonlinear Amplifying Loop Mirror', Optics Letters, vol. 15, No. 13, 1 Jul. 1990, New York, US, pp. 752-754. (List continued on next page.) Primary Examiner-Mark Hellner Attorney, Agent, or Firm-Nixon & Vanderhye 57) ABSTRACT An optical transmission system including an interferometer and a source of optical signals. The interferometer comprises a four-podoptical coupler having first and secondinput ports and first and second output pods, a silica optical fiber coupling the first and second output pods which exhibits the Kerr optical non-linearity, and an erbium fiber optical ampli fier situated asymmetrically between the output ports. The source of optical signals is coupled to the first input port of the interferometer. The system is operated in a regime in which the optical signals saturate the amplifier thereby suppressing any oscillatory output, and their power is suf ficient to switch an input signal coupled to the first input pod to the second input pod. This provides pulse shaping and amplification characteristics which are relatively insensitive to the input power of the optical signals from the optical ', Electronics Letters, vol. 27, No. 1, 3 Jan. 1991 , tronics, 27 Jan. 1991 This invention relates to an optical transmission system.
BACKGROUND OF THE INVENTION
A known optical transmission system includes an inter ferometer and a source of optical signals. The interferometer comprises a four port optical coupler having first and second input ports and first and second output ports, an optical coupling means coupling the first and second output ports and including an optical non-linearity, and an optical ampli fier. The source of optical signals is coupled to the first input port of the interferometer.
An optical input signal coupled to an input port of such an interferometer is split into two portions by the optical coupler, which portions counter-propagate round the cou pling means, for example an optical fibre loop, to return to, and recombine at, the coupler. For a symmetric coupler, the optical path along the coupling means is the same for the two portions. So, for a 50:50 coupler and a symmetrically positioned amplifier, the portions recombine such that the input signal emerges from the port to which it was originally input. The input signal is said to be "reflected' by the interferometer. For this reason, this configuration is often described as a loop mirror, the "loop' being the optical coupling means.
The specification of our co-pending International patent application, publication number WO 88/02875, describes an interferometer having a non-linear optical coupling means, namely a silica optical fibre loop, in which the symmetry of the two counter-propagating directions along the coupling means is broken to provide a differential non-linear effect (and so is called a non-linear optical loop mirror or NOLM). This can be achieved in various ways. For example, a non-50:50 coupler can be used. In this case, the intensities of the signal portions coupled into the ends of the waveguide loop are not equal. When the input signal is of sufficient intensity, the signal portions propagating in opposite direc tions around the waveguide experience different refractive indices. This results in the two counter-propagating signal portions experiencing different phase shifts, so that, when the signals return to the coupling means, they have an intensity-dependent relative phase shift. The intensity dependence of the relative phase shift results in a device whose output at an input port is, as is well known, an oscillatory function of the intensity of the input signal. Any signal exiting the second input port (that is to say the port to which the input signal is not coupled) is said to be "trans mitted' by the interferometer.
A further way of breaking the symmetry of a NOLM is discussed in an article entitled "Nonlinear Amplifying Loop Mirror', by N. E. Fermann, F. Haberl, M. Hoffer, and H. Hochreiter, Opt. Lett., 15, p. 752, (1990) , in which an amplifier is placed asymmetrically within the non-linear loop close to one of the output porks of the optical coupler, which in this case is a 50:50 coupler. Such an arrangement improves the performance of the conventional NOLM, in particular by better exploitation of the waveguide loop non-linearity, as it can be accessed by a smaller input signal. The experiments described in the Fermann et al article were carried out at low signal powers, and at repetition rates which did not saturate the gain of the amplifier. It was there noted, however, that amplifier saturation leads to a reduction in the overall gain of the device although, owing to the low Such NOLMs and NALMs can provide pulse shaping in optical transmission systems, and in particular provide ped estal suppression. Thus, these devices have the potential for the suppression of inter-pulse radiation, and for filtering bits in long-distance, all-optical communications systems. Such applications are discussed in an article entitled "Pulse Shap ing, Compression, and Pedestal Suppression employing a Non-Linear Optical Loop Mirror" by K. Smith, N.J. Doran, and P. G. J. Wigley, Opt. Lett., 15, p. 1294 (1990 .
A NALM could provide amplification in addition to such pulse shaping in an all-optical communications system. However, if the NALM has an oscillatory output, the inten sity of the input signal must be relatively constant in order to avoid reflection by the loop mirror.
One way of removing the oscillatory output of a NALM is disclosed in an article titled "All-Optical Pulse Compres sion Using Amplifying Sagnac Loop' by R. A. Betts, S.J.
Frisken, C. A. Telford and P. S. Atherton in Electronics
Letters Vol 27 No. 10 (May 9, 1991) . In their apparatus, the non-linear element in the loop is a semiconductor laser amplifier (SLA). This provides a saturating non-linearity which suppresses the oscillatory behaviour to provide a linear but rising response. A NALM which provides an approximately constant output would be more attractive for use in optical communications systems.
BRIEF DESCRIPTION OF THE INVENTION
The present invention provides an optical transmission system comprising an interferometer and a source of optical signals, the interferometer comprising a four-port optical coupler having first and second input ports and first and second output ports, an optical coupling means coupling the first and second output ports and including an optical non-linearity, and an optical amplifier, the source of optical signals being coupled to the first input port of the interfer ometer, wherein the system is such that the optical signals saturate the amplifier thereby suppressing any oscillatory output, and such that the power of the optical signals is sufficient to switch an input signal coupled to the first input port to the second input port. This optical transmission system achieves an approxi mately constant output over a range of intensities of input signal, so that a range of intensities of input optical pulse will all be switched to the output of the interferometer. Moreover, the signals will be amplified to an approximately constant intensity. The optical transmission system, there fore, provides amplification of the signal, as well as pulse shaping and noise filtering as described in the article by Smith et al. This is of particular application to optical communications systems.
The optical source may be a pulsed laser, in which case the optical transmission system of the present invention provides, at the second input port, noise-filtered optical pulses of substantially constant peak power, even for what may be variable peak power input pulses. The system of the invention could, therefore, be used as a repeater in a long distance optical communications link, for example a sub marine link.
The optical amplifier may comprise part of the coupling means, as described with reference to the NALMs referred to above, or may be coupled to the first input port to amplify the input signals prior to their being switched. In this latter case, the interferometer will require the symmetry to be broken by, for example, a non-50:50 coupler as the amplifier 5,479,291 3 no longer forms part of the coupling means. The interfer ometer may include an optical fibre loop, although other forms of waveguide may be used, for example, a waveguide formed in a planar substrate such as lithium niobate.
In the case of an optical fibre interferometer, the optical amplifier is conveniently an optical fibre amplifier spliced to the fibre forming the loop. Alternatively, a semiconductor laser amplifier may be employed.
The optical fibre of the loop may be made of material exhibiting the desired non-linearity, or a separate non-linear element may be included in the loop. For example, a highly non-linear element may be incorporated to shorten the loop length, for example a semiconductor laser amplifier.
The invention also provides a method of using an inter ferometer which comprises a four-port optical coupler hav ing first and second input ports and first and second output ports, an optical coupling means coupling the first and second output ports and including an optical non-linearity, and an optical amplifier, the method comprising coupling a source of optical signals to the first input port of the interferometer in such a manner that the optical signals saturate the amplifier thereby suppressing any oscillatory output, and such that the power of the optical signals is sufficient to switch an input signal coupled to the first input. port to the second input port.
DESCRIPTION OF THE DRAWINGS
Embodiments of the present invention will now be described, by way of example, with reference to the accom panying drawings, of which: A 30 m long erbium doped fibre amplifier (EDFA) 18 is spliced to the output port 10 of the fibre coupler 4. An optical fibre coupler 20 is used to couple pump radiation for the EDFA 18 from a high-power MQW semiconductor laser 22 with a maximum pump power of the order of 50 mW at 1.48 um. Under these conditions, the EDFA 18 has a small signal gain of 28 dB, and a time-average saturation power of 24 uW. For the above loop parameters, and an effective loop length of 7 km, the saturation power of the amplifier is of the order of 0.6 mW.
An optical source 24 (an actively mode-locked semicon ductor laser providing pulses at 1.545 um of about 12 ps duration at a repetition rate of 2.5 GHz and a mean power of about 50 uW) is connected to the input port 6. The measured time-bandwidth products of the pulses produced by the laser 24 are at best 0.4.
It can be easily shown that, for the configuration of FIG.  1, the is derived by setting the argument of the cosine function to TL. The use of the amplifier 18 to break the loop symmetry provides low switching powers, together with absolute ped estal suppression for O =0.5. As an example, for G-30 dB, o= 0.5 and L=10 km, Ps, is of the order of 0.25 mW (A= 50 um, -155 um) .
Considering now the effect of gain saturation of the configuration shown in FIG. 1, and assuming a gain of the form 1 + G/(1+P/P) where Gss is the small signal gain and P is the input power at which the gain is compressed by 3 dB. This simple equation describes well all the mea sured EDFA characteristics for low to medium powers (<1 mW average), and also remains physically accurate in the highly-saturated regime. The influence of the gain Saturation is best described with reference to FIG. 5, where the argument of the cosine function in equation (1), that is to say the non-linear phase difference between the counter-propa gating waves, is plotted against P, for Gss= 30 dB, P= 0.001 (= Ps), O =0.5 and n2L/A= 1.
At high input powers, the non-linear phase difference becomes clamped TLGP, which can also be expressed as TCP/Ps since P, is approximately equal to 1/Gss for large Gss. Therefore, by choosing P= P, we limit the maxi sat mum non-linear phase difference to Tt. 5,479,291 5 The evolution of the non-linear phase is apparent in FIG. 6, which shows the computed gain characteristics for sech intensity profile pulses (dashed curve). For comparison, the fibre amplifier gain characteristics are also shown for the Same values of Gss and P (full curve). At low input powers, the device is in reflecting mode, and hence the small signal gain is well suppressed. As the input power is increased, however, the device approaches a transmitting State, and the efficiency closely follows that of the EDFA 18 for P2Ps. It is expected that the varying response of the loop throughout the pulse gives rise to incomplete switching and pulse shaping. Although this is largely responsible for the small (2-3 dB) reduction in efficiency relative to the EDFA 18 at high powers, the loop amplifier benefits from pulse compression and low-level light suppression.
In addition, since amplifier saturation gives rise to a non-linear phase difference which, over the power range of interest, is relatively constant, the pulse shaping character istics are fairly insensitive to the input level. This is one of the key aspects of the present invention, and is illustrated in FIG. 7, where the compression ratio (t/t) is shown to vary only from 0.55 to 0.75 over five decades of input power. This is in stark contrast to the complex pulse shaping previously observed for loop mirror configurations, where the input power can cycle through the sinusoidal output of such prior art NOLMs. Although not obvious for the range of input power in FIG. 7, ti ?t tends to unity for low power (linear) operation.
Pulse durations are inferred from the second harmonic auto-correlation measurements. The auto-correlation shape of the transmitted pulses does not change significantly as a function of the input power, this being clearly illustrated in FIG. 9, where the ratio of the input and output correlation widths is plotted against the input powerfor average powers up to 3.5 mW (120 mW peak). It should be noted that the ratio of about 0.55 varies by less than 20% over a range of power of the order of 200XPs. The device gain follows the trend described in FIG. 6, with a maximum of 17 dB occurring at an average input power of 50 uW (1.6 mW peak). The performance is well in keeping with that indi cated by FIG. 6, bearing in mind a 3 dB loss associated with the loop fibre 14 and a lower (28 dB) EDFAgain. It should also be noted that the measured time-bandwidth products of the filtered pulses are essentially the same as the input.
A further clear demonstration of the intensity filtering properties is shown in FIGS. 8a and 8b. Here, the amplified, shortened (to 6 ps) and pedestal-free output (FIG. 8b) is shown for input pulses with substantial interpulse radiation (FIG. 8a) . This behaviour is observed over the total range of input power.
A further embodiment of the present invention is shown in FIG. 2, In this case, the symmetry of the NOLM is broken by use of a non-symmetric coupler 24 in place of the symmetric 50:50 coupler 4 of FIG. 1, and the switching power P is that of the standard loop mirror (= P with G=1) divided by the gain of the amplifier 18. The ratio of the switching powers of the devices of FIG. 1 and FIG. 2 is, therefore, given by One can see that, for large G (which is generally true), equation (2) Referring now to FIG. 3, there is shown the power circulating in the two counter-propagating directions as a function of input peak power for the embodiment of FIG. 1, where (a) is the power circulating anti-clockwise between the port 12 and the input of the erbium amplifier 18, and (b) is the power circulating in the loop in a clockwise direction from the erbium amplifier to the output port 12. The solid curve (c) of the graph of FIG. 3 shows the non-linear phase shift of the pulses circulating in the two directions round the loop as a function of input peak power; and, as can be clearly seen, the non-linear phase shift becomes substantially con stant at higher peak powers.
Referring now to FIG. 4 , there is shown a graph of the peak output power from the port 8 as a function of peakinput power (in mW) of an optical signal input at the input port 6 at three different pulse repetition rates f equal to 1, 2 and 3 kHz. In this case, for fequal to 1 kHz, P equals five times the switching power, Ps, of the interferometer of FIG. 1. It can be seen that the output power is an oscillatory function of the input power. As the saturation power moves closer to the switching power with increasing frequency, the peak output power becomes more nearly a constant for peakinput powers corresponding to Ps. It can be seen then that, if the interferometer 2 is operated in an optical transmission system such that amplifier saturation occurs at approxi mately the power necessary to switch the input power to the second input port 8 at the first switching peak, then approxi mately constant output power is achieved above the switch ing power. This provides pulse shaping and amplification characteristics which are relatively insensitive to the input power of the optical signals from the optical source.
Referring now to FIG. 10 there is shown a graph of the gain of the embodiment of FIG. 1 as a function of the average input power of the optical signals from the optical source 24. We claim:
1. An optical transmission system comprising an interfer ometer and a source of optical signals, the interferometer comprising a four-port optical coupler having first and Second input pods and first and second output pods, an optical coupling means coupling the first and second output pods and including an optical non-linearity, and an optical fibre amplifier, the source of optical signals being coupled to the first input pod of the interferometer, wherein the system is such that the optical signals saturate the optical fibre amplifier thereby suppressing any oscillatory output, and such that amplifier saturation occurs at approximately the power of the optical signals that is sufficient to switch an input signal coupled to the first input pod to the second input pod.
A system as claimed in claim 1, wherein the optical
Source is a pulsed laser. 5,479,291 7 3. A system as claimed in claim 2, wherein the system is such as to provide at the second input port, noise-filtered optical pulses of substantially constant peak power. 4. A system as claimed in claim 1, wherein the optical amplifier constitutes part of the coupling means. 5. A system as claimed in claim 1, wherein the optical amplifier is coupled to the first input port upstream of the output ports, thereby to amplify the input signals prior to their being switched. 6. A system as claimed in claim 5, wherein the optical coupler is a non-50:50 coupler. 7. A system as claimed in claim 1, wherein the interfer ometer includes an optical fibre loop. 8. A system as claimed in claim 7, wherein the optical fibre amplifier is spliced to the fibre forming the loop. 9. A system as claimed in claim 7, wherein the optical fibre is made of a material exhibiting the desired non linearity. 10. A system as claimed in claim 7, wherein a separate non-linear element is included in the optical fibre loop. 10 15 8 11. A system as claimed in claim 10, wherein the separate non-linear element comprises a semiconductor laser ampli fier. 12. A system as claimed in claim 1, wherein the interfer ometer is a waveguide formed in a planar substrate such a lithium niobate. 13. A method of using an interferometer which comprises a four-port optical coupler having first and secondinput pods and first and second output ports, an optical coupling means coupling the first and second output ports and including an optical non-linearity, and an optical fibre amplifier, the method comprising coupling a source of optical signals to the first input pod of the interferometerin such a manner that the optical signals saturate the optical fibre amplifier thereby suppressing any oscillatory output, and such that amplifier saturation occurs at approximately the power of the optical signals that is sufficient to switch an input signal coupled to the first input port to the second input port. ck k : :: *k
